Dark Before Light: Testing the Cosmic Expansion History through the Cosmic 

Microwave Background 



O 

(N 



u: 
43 : 

Oh- 
i 

o 

CO 

03 



> 
O 
O 
in 

m 

ON 

o 
o 



Eric V. Linder 1 ' 2 and Tristan L. Smith 1 
1 Berkeley Center for Cosmological Physics & Berkeley Lab, 
University of California, Berkeley, CA 94720, USA 
2 Institute for the Early Universe, Ewha Womans University, Seoul, Korea 
(Dated: September 21, 2010) 

The cosmic expansion history proceeds in broad terms from a radiation dominated epoch to matter 
domination to an accelerated, dark energy dominated epoch. We investigate whether intermittent 
periods of acceleration are possible in the early universe - between Big Bang nucleosynthesis (BBN) 
and recombination and beyond. We establish that the standard picture is remarkably robust: obser- 
vations of anisotropics in the cosmic microwave background exclude any extra period of accelerated 
expansion between 1 < z < 10 J (corresponding to 5 x 10~ 4 eV < T < 25 eV). 



I. INTRODUCTION 

Remarkably little is known about the detailed expan- 
sion history of the universe. While it proceeds from 
an epoch of radiation domination, to matter domina- 
tion, both decelerating, to recent acceleration, even in 
the best constrained periods - Big Bang nucleosynthe- 
sis and recombination - our specific knowledge of the 
scale factor as a function of time, a(t), is modest. Lim- 
its exist on the magnitude of the expansion rate, or 
Hubble parameter H = dhia/dt, to ~ 5% in the best 
cases 0, Q, but not on its behavior, for example its 
slope dhiH/dhia. The latter quantity is directly re- 
lated to the total equation of state u>tot of the energy 
contents and governs whether the deceleration parameter 
q = —1 — d\n H/dhia = (1 + 3iutot)/2 is positive (decel- 
erating expansion) or negative (accelerating expansion). 
The uncertainties on q can easily be of order unity - 
hence allowing cither sign - for any short period (such as 
Big Bang nucleosynthesis or recombination) in the early 
universe. 

This article addresses this lacuna in our understanding 
through investigation of the effects of a period of early ac- 
celeration on the cosmic microwave background (CMB) 
anisotropics. This is complementary to the recent anal- 
ysis of Ref. Q that put severe limits on acceleration at 
redshifts z « 2-1000 from effects on matter perturbation 
growth. 

While knowledge of the detailed expansion history is 
useful in itself, constraints on an early period of accel- 
eration also impact any attempt to ameliorate the co- 
incidence problem of why acceleration is occurring now 
by adopting models in which acceleration is a persistent 
or occasional phenomenon (e.g. [4-6]). Sufficiently tight 
limits could force us to focus on dynamical mechanisms 
for causing recent acceleration, or to accept the coinci- 
dence. 

Other rationales for exploring the expansion history for 
an additional period of acceleration, generally at much 
earlier epochs than we consider, include: thermal infla- 
tion models, which can solve the moduli problem and 
impact baryogenesis Q, secondary inflation, which can 



affect the scalar perturbation tilt and matter power spec- 
trum and multiple inflation, which can put features 
in the curvature perturbation power spectrum and 
scalar torsion cosmology [Til ]. 

In Sec. HI] we present the basic characteristics of early 
acceleration and outline the modifications to the back- 
ground and perturbation equations necessary for deter- 
mining the CMB anisotropy spectrum. The physical im- 
pact of early acceleration on the CMB is analyzed in 
Sec. IIIII and the numerical results computed. We con- 
clude with a discussion of the constraints on the duration 
of such an accelerating expansion in Sec. IIVI 



II. ADDING EARLY ACCELERATION 

As discussed in Ref. Q, there exist two ways of ob- 
taining an intermittent period of acceleration: driving 
the dark energy of state highly negative, w -C — 1, called 
superacceleration, or having a relatively high dark energy 
density with a fairly negative equation of state w < —1/3, 
but then w must go positive in order to reduce the dark 
energy density and permit matter or radiation to domi- 
nate again, called supcrdcceleration. The first approach 
was shown not to be viable, especially at high redshifts, 
due to the intrinsic dynamics of the dark energy density 
evolution for supernegative equations of state, so we only 
consider superdecelcration models. 



A. Acceleration Model 

To model the dark energy, we take a ACDM uni- 
verse that undergoes a finite period of deviation from 
w = — 1. The e-fold model of Ref. [l2| provides a useful 
paramctrization of such a transition, with one step up to 
positive w and then a later step back down to —1. This 
c-fold Ansatz has the physical advantage of defining a 
characteristic scale for the rapidity of the transition, in 
terms of number of e-folds of expansion, and the math- 
ematical advantage of giving an analytic expression for 
the Hubble parameter. 



2 



0.5 - 



-0.5 



-, I i I | I i r 
T = 0.01 

N = 0. 1,0. 4,0.9, 1.6 



-1.5 



-0.5 



log a 



energy density p w ,o, then climbs during the step and lev- 



els off to a constant p w .oe 



3NAw 



for a < a t . Viewed the 



other way around, the early dark energy density acts like 
a larger cosmological constant than usual, allowing early 
acceleration, then the period of superdeceleration dilutes 
the density down to the level matching the value today. 

It is useful to transform into variables more closely re- 
lated to the expansion physics such as the scale factor a acc 
when the accelerated expansion starts (determined by the 
condition w to t = 2 Wifaacc) fi*(aacc) = where the 

sum runs over all components) and the number of e-folds 
of accelerated expansion, iV aC c- Using these as the fun- 
damental parameters, one has 
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FIG. 1: The double e-fold form for w(a) has useful physical 
and mathematical properties to describe a step transition. 
For inverse rapidity r -C 1, the transition approximates a 
step, and for width N > 10r the value at the top of the step 
stays constant for N e-folds. Solid curves all take r = 0.01 
and show the behaviors for different values of N; the dotted, 
magenta curve takes N = 1.6 but for r = 0.1 to show the 
impact of the rapidity. All curves take the transition up at 
a t = 0.1. 



The dark energy equation of state as a function of scale 
factor a is 
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where Wj is dark energy equation of state during superde- 
celeration, a t is the scale factor when w is in the middle 
of the jump up, a d = a t e N is the scale factor when w is 
in the middle of the jump back down, 1/r is the rapidity 
of the jumps, i.e. dw/d\na(a t ) = (wj + 1)/(4t), and N 
measures the number of e-folds between the transitions. 
For small r, the transition approaches a step function. 

At times much earlier than the transition up, w(a <C 
at) = — 1, and at times much later than the transition 
back down, w(a ^> ad) = — 1, while if the transitions are 
well separated then w(a t <C a <C ad) =Wj. A true lev- 
cling off at Wj is achieved for TV > lOr. These behaviors 
are illustrated in Fig. [TJ 

The dark energy density evolution follows 
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j + 1. The dark energy acts like a cosmo- 
logical constant from the present back to a w a^, with 



where Aw 



where N is the number of e-folds of the superdeceleration 
period, Qi is the fractional energy density in component 
i, and a subscript B denotes the dominant component 
excepting dark energy (e.g. w B = 1/3 when radiation 
dominates over matter, w B = when matter dominates 
over radiation). 

The necessary condition to have any acceleration is 
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For prerecombination acceleration, a t will be very small 
and one would need more than 3 e-folds of superdecelera- 
tion to allow any acceleration at all. Generally the num- 
ber of e-folds of superdeceleration is much larger than the 
number of e-folds of acceleration; it is this that imposes 
strong constraints on early acceleration from effects on 
the CMB. 

Of course we need not restrict ourselves purely to test- 
ing for early acceleration. A modification of the expan- 
sion history that is insufficient to give acceleration, i.e. 
where the early dark energy density is not quite high 
enough and A^cc < 0, can still affect CMB observations. 
We therefore will also be interested in the deviation from 
the standard expansion history 
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where again B denotes the main background component 
(radiation or matter), the second equality holds when 
one component dominates in the standard scenario, and 
r(a < at) = 1, r(a t < a < a d ) = (a/a t )~ 3Aw . We can 
ask when R exceeds some value, i?* = 0.1 or 1 say. The 
number of e-folds Af* when R > i?*, and the maximum 
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deviation i? max , are given by 



3(1 + w B )(w B - uij) R HI flX 
i? max = i±|^ e 3JWi + ™ B ). (9) 

In the analysis wc take wj = +1, the maximum value 
consistent with a canonical scalar field, which gives the 
most conservative case in that this permits the shortest 
period of superdeceleration for a given acceleration. For 
the same reason we adopt r < 1. Therefore there are 
two free parameters: one describing the time when the 
transition occurs, and one for its duration. These deter- 
mine the physical effects on the CMB anisotropy power 
spectrum. 



(similar to Ref. Q but here with respect to the CMB 
rather than matter growth). In this case the dominant 
effect on the CMB power spectrum will be a shift in the 
angular diameter distance to the surface of last scattering 
(leading to a shift in the location of the acoustic peaks in 
the power spectrum) as well as an extra bump at lower 
multipoles due to a modified integrated Sachs- Wolfe ef- 
fect. Second we will consider the effect of a modification 
occurring before recombination. In this case the evolu- 
tion of the photon perturbations is altered, leading to an 
enhancement of power on small scales. The third case is 
when the altered expansion history significantly overlaps 
the recombination period, and is basically a superposi- 
tion of the first two cases. 



B. Perturbation Equations 

When modifying the expansion history through an ad- 
ditional, dark component one must also account for mod- 
ifications to the perturbed quantities in order to ensure 
energy momentum conservation. We include the general- 
ized dark fluid following Ref. [l3|, taking it to be a min- 
imally coupled, canonical scalar field. Then the density 
and velocity perturbations to this fluid in synchronous 
gauge, for each Fourier mode A;, take the form 
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where h is one of the metric perturbations in synchronous 
gauge (see, e.g., [Hj]), % = a~ 1 da/dri, S g is the perturbed 
energy density of the dark fluid, v g is the velocity pertur- 
bation, and the prime indicates a derivative with respect 
to krj where r\ is the conformal time. 

The metric perturbation h couples these equations to 
the matter and radiation perturbations. We take adia- 
batic initial conditions for the dark fluid. Note the pres- 
ence of the w' term; we have checked explicitly that the 
sharp, but brief, transitions we use do not affect the re- 
sults. As we vary the inverse rapidity from r = 0.05 
to 0.02 or 0.1, say, the resulting power spectra remained 
robust. We coded CAMB [15[ with the modified back- 



ground expansion and modified perturbation equations 
and investigated the effects on the CMB power spectrum. 



III. CMB POWER SPECTRUM AND 
ACCELERATION 

There are three main cases for the impact of early ac- 
celeration. First we will consider the effects of a modi- 
fied expansion history when it occurs after recombination 



A. General Properties 

Before exploring the individual cases, let us discuss 
some general influences of modified expansion on the 
CMB. First, consider the range of rcdshift that is accessi- 
ble through observations of the CMB. A measurement of 
the CMB anisotropy for a given multipole I corresponds 
to a physical wave-number k through the scaling kr)o ~ £, 
where 770 ~ 10 4 Mpc is the conformal time today. A mod- 
ified expansion history will affect most significantly the 
evolution of the perturbations for modes that are within 
the horizon during the modified expansion. Since modes 
are within the horizon when krj(z) > 1, we expect that 
only those multipoles with I > ?7o/^(^mod) will be signif- 
icantly modified. Given that observations of the primor- 
dial CMB can only be made up to £ max ~ 3000 before 
secondary anisotropies become significant, by using the 
CMB we can expect to be sensitive to modifications in 
the expansion history up to z max ~ 10 5 . As we will see, 
modifications to the expansion history at larger redshifts 
will have a diminishing effect on the CMB anisotropies. 

Figure [2] shows the rough range of multipoles over 
which modifications will show up in the CMB power spec- 
trum. In fact, effects can appear at somewhat smaller 
multipoles as well since the enhanced energy density 
and hence Hubble parameter persists to later times, i.e. 
smaller redshifts, extending the multipole range for fixed 
z or extending the redshift sensitivity for fixed I. From 
Eqs. [Hand [9]onc finds that for 7V acc = 0.1 and R* = 0.5, 
say, the effective redshift is lowered by a factor 2, hence 
a modification starting at z = 10 5 actually affects down 
to I sa 1000, or conversely sensitivity to I = 3000 actu- 
ally extends to redshifts z tn 2 x 10 5 . For A acc = 1, the 
maximum redshift probed becomes z«3x 10 6 . 

Another generic effect is on the geometric information 
in the CMB from the distance scales involved. The lo- 
cation of the acoustic peaks of the CMB anisotropies is 
determined by the simple relation fc^ = n/r s (r] rec ) fiH | 
where r s is the sound horizon. (We discuss phase factors 
from potential driving in Sec. IIII CI they arc unimpor- 
tant for the following scaling argument.) We can ap- 
proximately write r s ~ rj Tec , where rj rec is the conformal 
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FIG. 2: The minimum multipole affected by modified ex- 
pansion is plotted as a function of redshift in the standard 
ACDM cosmology. Only multipoles above this had associated 
wavenumbers k within the horizon at redshift z. For measure- 
ments of the primary CMB anisotropy up to f maj( ~ 3000, 
say, one can therefore probe the expansion history out to 

Zmax ~ 10 5 . 



time at recombination, so that the location of the peaks 
in harmonic space scales as £ p oc r]o/r} Tec . Since r] is in- 
versely proportional to H then an increase in H (e.g. 
due to the extra dark energy density needed for early 
acceleration) leads to a decrease in r\. If H is increased 
after recombination then 770 decreases whereas rj TCC re- 
mains unchanged and the peaks move to smaller l\\iH 
is increased before recombination then rj lcc is decreased 
whereas 770 remains nearly unchanged (since it receives 
most of its contribution from late times), leading to a 
shift in the peaks towards larger values of I. 

Finally, for the models that we consider the redshift of 
recombination z roc w 1090 is left nearly unchanged. We 
can understand this by noting the redshift of recombi- 
nation is approximately determined when the expansion 
rate is equal to the interaction rate between photons and 
free electrons. 



X e n b <r T = H , 



(12) 



where rib is the baryon number density, X e the ionization 
fraction, and <7t the Thomson scattering cross section. 
If H is larger at a given redshift z during recombina- 
tion then due to the detailed balance equations the free 
electron fraction will similarly be larger (the faster the 
universe is expanding at a given redshift the harder it 
will be for free electrons to combine with protons). This 
balance (described in more detail in [l7| for the standard 



model and in [18| for general H) leads to z rec remaining 
nearly unchanged. 



B. Post-Recombination Effects 

Modifying the expansion history in the post- 
recombination phase produces two distinct physical ef- 
fects on the CMB temperature power spectrum. Both 
arise from the change in expansion history rather than 
the photon perturbation per se. One physical effect is 
that modifying the expansion history changes the angu- 
lar diameter distance to the surface of last scattering, 
leading to a shift in the location of the acoustic peaks in 
the power spectrum, as already discussed. Note that be- 
cause the modification is strictly post-recombination, no 
change occurs in the sound horizon length, so the shift is 
given purely by the angular distance change. 

For a sharp transition lasting a small fraction of an 
e-fold, one can calculate the effect analytically: 
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(13) 



where c?a is the distance to CMB last scattering in the 
standard, no transition case. The main effect is from 
the high dark energy density before the transition, rather 
than the transition (period with Wj = 1) itself. Note that 
for small N the key parameter, other than the timing of 
the transition ad, is an "equivalent width" N(l +Wj) or 
area of the deviation from w = —1 in In a. For large TV, 
the shift increases more rapidly than in Eq. (|13[) . 

Observations made by WMAP have constrained 
the location of the first acoustic peak to within 0.3%. 
As a first look, nearly analytically, we can use this mea- 
surement to exclude regions of the -/V acc -a aC c parameter 
space, fixing all recent universe parameters and testing 
for post-recombination expansion modifications. As seen 
in Fig. [21 almost no early acceleration is permitted, ex- 
cept for a tiny region near z w 10 3 amounting to less than 
0.14 e-folds of acceleration. The Planck satellite deter- 
mination of the acoustic peak location to 0.09% would 
completely rule out early acceleration (recall that there 
is a modification of the Hubble parameter due to excess 
energy density even if it does not rise to the level of caus- 
ing acceleration). Apart from 7V acc , one can also directly 
limit the modification to the expansion as given by the 
dashed (WMAP level) and dotted (Planck level) curves in 
Fig. [3] We revisit the constraints rigorously in Sec. IIII El 

The second effect is that the change in the expansion 
rate leads to the decay of the gravitational potentials, 
giving rise to a modified integrated Sachs- Wolfe (ISW) 
effect. The location of the extra ISW power is related to 
the time of the expansion modification, with earlier tran- 
sitions leading to an effect at higher multipoles (where 
cosmic variance is not as severe). 

Figure 2] shows the changes induced in the CMB power 
spectrum from a period of early acceleration lasting for 



0.1 e-folds, with the top panels corresponding 
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contribution from near recombination, a sufficiently early 
transition has little effect on the acoustic scale (the shift 
goes roughly as a t N(l + Wj) for N <C f ). 

Heuristically, one can view the enhancement of power 
on small scales due to the decay of the potentials in terms 
of a compressed photon fluid rebounding while feeling a 
reduced gravitational restoring force . We briefly give 
a more detailed explanation now. 

While the photons are tightly coupled to the baryons 
they follow a driven harmonic oscillator equation [16[ 
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where x = kr\j\/2>^ $ is the potential, and we have ne- 
glected the time dependence of the sound speed of the 
photon-baryon fluid and neglected anisotropic stress and 
dropped the damping terms since they are negligible to a 
first approximation. The solution which corresponds to 
adiabatic initial conditions gives 



6 y (x) + $(x) = [<5 7 (0) + $(0)]cos(a;) 



(15) 



FIG. 3: An upper limit on the number of e-folds of early 
acceleration in the post-recombination case can be derived 
by requiring that the acoustic peak location Ia be shifted 
by less than 0.3% (current WMAP accuracy) by effects on 
the distance to last scattering d\ BB . This leaves only the tiny 
shaded corner of parameter space, with iV a cc < 0.14 at z m 
1000. Alternately, one could ask how large a deviation is 
allowed from the standard Hubble parameter (squared). This 
is restricted at the tens of percent level (red dashed curve), or 
a factor of 2-3 less for 0.09% or Planck level constraints on Ia 
(red dotted curve). In fact, constraints are even more severe if 
one takes into account ISW and other CMB power spectrum 
information, although they loosen if one marginalizes over 
recent universe parameters such as Q m (see Fig. [5] for limits 
taking both these effects into account). 



to the post-recombination transition discussed in this 
section. One can clearly see the rise in ISW power at 
low multipoles (with I increasing as z acc docs). The ge- 
ometric shift in the acoustic peak locations to smaller 
multipoles is also visible, and this shift gets reversed to 
higher multipoles for transition pre-recombination. We 
discuss the other effects from pre-recombination acceler- 
ation, and the right panels displaying the potential per- 
turbations, in the next subsection. 



C. Pre-Recombination effects 

Modifying the expansion history pre-recombination 
leads to a modification of the observed power spectrum 
on small scales, due mainly to the influence on the pho- 
ton perturbations between when a given wavemodc enters 
the horizon and recombination. There is also a geomet- 
ric shift but since the sound horizon length gets its main 
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The modified expansion history, as well as perturbations 
in the dark fluid that driving the modification, leads to a 
change in the potential $ (as is well known at late times 
in ACDM cosmologies). This in turn drives the photon 
perturbations to a larger amplitude. 

The CMB power spectrum for the pre-recombination 
modification case is shown in the bottom panels of Fig. 2] 
For z acc = 10 3 the modified expansion history leads to an 
increased early ISW which in turn increases the height of 
the first peak. The heights of the following peaks have 
increased due to the decrease in the amplitude of the po- 
tential, shown in the right panel. The z acc = 10 case 
clearly shows that with the modified expansion history 
the location of the peaks shift toward higher I. As de- 
scribed before this is due to the decrease in the sound 
horizon at decoupling because of the increased Hubble 
parameter. For modifications at such high z there is lit- 
tle effect on the ISW contribution. 

Moving to even higher redshift weakens all the effects 
since the sound horizon scale is mostly governed by con- 
ditions near recombination and early modifications af- 
fect the potential driving of perturbation modes at high 
t where they are more strongly damped. Observations 
of the small scale CMB with instruments such as the 
Atacama Cosmology Telescope (ACT) [2l| or the South 
Pole Telescope (SPT) [22[ allow us to constrain the ex- 
pansion history up to z ~ 10 5 since they measure the 
primordial anisotropies to I ~ 3000 (see Fig.0. Current 
constraints allow less than 0.1 e-folds of accelerated ex- 
pansion at z acc = 10 5 . Planck [23| will be cosmic variance 
limited out to I sa 2500 and delivers tighter constraints 
as we discuss in Sec. IIII El 
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I krj 

FIG. 4: Left: The CMB temperature power spectrum is plotted for the standard expansion history (black curves) and a 
modified expansion history (light, red curves). In all panels a period of accelerated expansion starts at redshift 2 acc and lasts 
for 0.1 e-folds. Right: The evolution of the curvature potential corresponding to each case in the left panels is shown for the 
mode with k — 0.065 Mpc -1 . The vertical dotted lines show the value of kr] TCC , and one sees how the potential decay occurs 
post-recombination for the top panels and pre-recombination for the bottom panels. For z acc < z rcc the power spectrum peaks 
are shifted slightly towards lower I since the angular diameter distance to the surface of last scattering decreases. In addition 
to this the modified expansion history causes an evolution in the potentials, as seen on the right, leading to an additional 
integrated Sachs- Wolfe bump in the power spectrum (most visible in the z acc = 10 case). As discussed further in the text, when 
^acc Zdec two different effects are important. The sound horizon at decoupling is decreased leading to a shift of the peaks to 
higher I (most visible in the 2 a cc = 10 4 case). In addition to this, the right panels show that the amplitude of the potential is 
decreased, which leads to a corresponding increase in the amplitude of the photon perturbations seen in the left panels. 



D. Near-recombination effects 

For a transition near recombination, the effects are ba- 
sically a superposition of the pre-recombination and post- 
recombination ones, since the influence of the extra dark 
energy density persists from before to after recombina- 
tion. One other, more minor effect enters on very small 
scales. The diffusion of photons leads to a damping of 
perturbations ~ e~ l ^ D below a scale Id- A simple ar- 
gument (see, e.g., [2(|) shows that this scale goes as 
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An increased Hubble parameter before recombination 
will lead to a decrease in ?7 rcc , an increase in £d, and 



hence an increase in the amplitude of perturbations on 
small scales. This adds somewhat to the enhancement 
due to the potential decay. 



E. Constraints on Early Acceleration 

For any particular redshift in cosmic history, we can 
ask how much acceleration is permitted, i.e. how many 
c-folds N acc can occur starting at that time. Carrying 
out a Fisher matrix analysis using the CMB tempera- 
ture power spectrum only, with Planck sensitivity, we 
find that no extra period of acceleration is permitted for 
Zf < 2 x 10 5 at more than 99% confidence level. How- 
ever the constraints rapidly weaken for higher rcdshifts, 
with acceleration being allowed for z t > 3 x 10 5 . The 
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FIG. 5: The curve gives the 95% cl limit, assuming Planck 
CMB temperature sensitivity, on AN, the number of superde- 
celerating e-folds relative to that required for acceleration. 
Only in the upper right shaded region does the bound allow 
acceleration, AJV > 0. For redshifts zt < 2.5 x 10 5 early 
acceleration is ruled out. 



results are displayed in Fig. [5j With WMAP tempera- 
ture sensitivity one cannot exclude extra acceleration at 
zt > 4 x 10 4 . Inclusion of polarization data, or matter 
power spectra, would further tighten the bounds. The 
main point is that no additional period of acceleration is 
allowed to ameliorate the coincidence problem of current 
acceleration. 



IV. CONCLUSIONS 

A basic question to ask about the cosmic expansion 
history is whether it is really as simple as the standard 
picture of a radiation dominated era giving way to matter 
domination and later the current epoch of acceleration. 
Could there have been acceleration earlier, other than 
high energy inflation, disrupting these eras? We demon- 



strate that the cosmic microwave background data de- 
livers clear support of the standard picture, forbidding 
acceleration between l<z<2xl0 5 . 

The model chosen for early acceleration is the most 
conservative case in the sense that we dilute the effects 
of the extra energy density as quickly as possible (wj = 
1), at least within the quintessence framework. Even 
so, no solution to the coincidence problem is possible by 
taking acceleration to be an occasional phenomenon. Our 
current epoch of acceleration appears to be essentially 
unique within the last factor 100,000 of cosmic expansion, 
or the energy range 5 x 10~ 4 eV < T < 25 eV. 

Observations of the CMB are sensitive to acceleration 
and energy density through a range of physical effects, 
at various epochs and angular scales. Acceleration gives 
extra power to the integrated Sachs- Wolfe effect and the 
small scale photon perturbations through decay of po- 
tentials, while extra energy density affects geometric dis- 
tance factors, shifting the acoustic peaks to larger or 
smaller scales depending on whether the modification is 
post- or pre-recombination. 

For the epochs between z ps 10 5 — 10 9 , and between pri- 
mordial nucleosynthesis and inflation, no observational 
probes constrain the expansion history. Detection and 
characterization of dark matter may eventually offer one 
window on these epochs, as can theoretical models of 
baryogencsis or the production of axions (see, e.g 
Large swaths of early cosmic history remain dark, 
possibly filled with dark energy. 
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